Influx of Ca 2+ and Na + ions during an action potential can strongly affect the repolarization and the fast afterhyperpolarization (fAHP) if a neuron expresses Ca 2+ -and Na + -dependent K + currents (K,Ca and K,Na). This applies to cockroach abdominal dorsal unpaired median neurons (DUMs). Here the rapid activation of K,Ca depends mainly on the P/Q-type Ca biogenic amine from these and other neurons may lead to general arousal. AKH I modulates the voltage-gated Na + and P/Q-type Ca 2+ current and the background Ca 2+ current. Upregulation of P/Q-type Ca 2+ current increases the K,Ca current while enhanced inactivation of Na + current decreases the K,Na current. We quantified the hormone-induced changes in ion currents in terms of Hodgkin-Huxley models and simulated the resulting activity of DUM neurons. Up-regulation of P/Q-type Ca 2+ and K,Ca current enhanced the hyperpolarization but had a weak effect on spiking. Down-regulation of Na + and K,Na current decreased hyperpolarization and slightly accelerated spiking. Superposition of these modulations produced an increase in fAHP while the spike frequency remained unchanged. Only when the up-regulation of the pacemaking Ca 2+ background current was included in the simulated modulation the model reproduced the experimentally observed AKH I-induced changes. The possible physiological relevance of this dual effect is discussed in respect to transmitter release and synaptic integration.
Introduction
Insect adipokinetic hormones (AKHs) mobilize energy reserves from storage organs such as the fat body similar to glucagon in mammals (Van der Horst 2003; Gäde and Auerswald 2003) . As found recently, they also enhance locomotor activity in response to starvation (Lee and Park 2004) . In cockroach (Periplaneta americana) there are two AKH peptides (Witten et al. 1984; Scarborough et al. 1984) , one of which, AKH I (pQVNFSPNWamide, also called Neurohormone D, Baumann et al. 1984) accelerates spiking and alters the shape of action potentials in abdominal dorsal unpaired median (DUM) neurons. These DUM neurons are of general interest inasmuch as they release the biogenic amine octopamine. The octopaminergic system of insects, comparable to the noradrenergic system of mammals, plays an important role in arousal and affects general activity levels (e.g. Roeder 2005).
Previous investigations revealed that AKH I modulates a whole set of ion currents in the DUM neurons (Wicher et al. 2001) . AKH I leads to (i) potentiation of a P/Q-type Ca To isolate the DR, the A-type current was depressed by 3 mM 4-time-to-peak of the K,Ca current is comparable to that of the voltage-gated Ca 2+ current (Fig.   1D ).
It should be pointed out that there is no pharmacological tool to separate K,Ca,t and K,Ca,s.
However, these components differ in their Ca 2+ sensitivity: When voltage-gated currents are blocked and the intracellular [Ca 2+ ] is raised by perfusing the cell with Ca 2+ -rich pipette solution the first current evolving -as seen on repeated application of depolarizing voltage protocols -is K,Ca,t. K,Ca,t. K,Ca,s appears about 1 min later, indicating that K,Ca,s requires a higher [Ca 2+ ] i than K,Ca,t to be activated by depolarization (Derst et al. 2003) . The fact that K,Ca,t inactivated in spite of a constant [Ca 2+ ] i indicates that inactivation is an intrinsic channel property perhaps produced by accessory subunits. It cannot be excluded that in our present measurements there is some overlap of currents, i.e. that there is a small contribution of K,Ca,s to the K,Ca peak current at least at higher depolarizations. Since, however, such error is expected to be small and will not have consequences for the results obtained below we will refer the K,Ca peak current as K,Ca,t.
The Ca 2+ current activating positive to -50 mV is composed of three subtypes (Wicher and Penzlin 1997), (i) P/Q-type current sensitive to -agatoxin IVA ( -AgaTx), (ii) N-type current sensitive to -conotoxin GVIA ( -CgTx), and (iii) L-type current sensitive to verapamil (Fig. 1B, lower panel) . The effect of -AgaTx (50 nM) and verapamil (10 IM) on Ca 2+ current is illustrated in Fig. 1C ; the concentrations used have been previously shown to block the respective currents within 1 min (Wicher and Penzlin 1997).
We applied the Ca 2+ channel blockers in order to learn to what extent L-type, N-type and P/Q-type Ca 2+ currents might supply the Ca 2+ for activation of the K,Ca current. The three Ca 2+ currents cause a Ca 2+ influx of different size and activation kinetics (Fig. 1B, lower panel, Fig. 1C ), and their suppression affected the K,Ca currents differently: -AgaTx (50 nM) led to reduction of both the transient and the sustained component of K,Ca current ( Fig. 2A, C), -CgTx (1 IM) had no effect on K,Ca current (n = 5, not shown) while verapamil (10 IM) had a clearly weaker effect on the transient component than -AgaTx and suppressed the sustained K,Ca current to a similar degree (Fig. 2B, D) . The lack of effect of N-type channel block might indicate a spatial separation of N-type Ca 2+ channels and K,Ca channels so that Ca 2+ entering through N-type channels hardly diffuses to K,Ca channels. On the other hand, the weak inhibition of the transient K,Ca current component by the block of the L-type channel may be largely due to the rather slow activation kinetics of L-type channel. As illustrated in Fig. 2B , the peak of L-type current is attained after the peak of the verapamilsensitive K,Ca current. The rise in intracellular [Ca 2+ ] due to the L-type current might thus overlap with the intrinsic inactivation of the channel conducting K,Ca,t. By contrast, the P/Qtype current activates more rapidly and reaches the peak earlier than the K,Ca current sensitive to -AgaTx ( Fig. 2A) . Thus, the fast activating P/Q-type current seems to supply most of the Ca 2+ required for the activation of the transient K,Ca current component. On the other hand, the sustained K,Ca current may rely on Ca 2+ entering via both types of Ca 2+ channels since it is reduced by about the same extent by blocking P/Q or L-type channels (Fig. 2C, D) .
Peptidergic up-regulation of K,Ca current
The Periplaneta adipokinetic hormone AKH I, a peptide released from the corpora cardiaca, is known to enhance K,Ca currents (Wicher et al. 1994) . AKH I also potentiates the P/Q-type Ca 2+ but not the N-type and the L-type Ca 2+ current in DUM neurons (Wicher 2001b) . Fig. 3 demonstrates the AKH-induced effect on K,Ca currents: The total outward current produced by a voltage step to 0 mV before and after application of 10 nM AKH I and the difference current representing the peptide-induced K,Ca current are shown in Fig. 3A1 and A2, respectively. AKH I thus up-regulates both the transient and the sustained K,Ca component.
This may be plausibly attributed to the up-regulation of the P/Q-type current as this current was seen above to provide Ca 2+ for the activation of both K,Ca components. The threshold concentration for the AKH I-induced potentiation of the P/Q-type Ca 2+ current was 1 pM (Wicher 2001b) . At this concentration there was already some increase in the K,Ca current ( Fig. 3A3 ) which, however, was mainly restricted to the transient component (Fig. 3B1 ).
Increasing [AKH I] from 1 pM to 10 nM induced progressively larger K,Ca currents (Fig. 3C ).
Compared to the K,Ca current under control conditions (isolated with IbTx) the current produced by 10 nM AKH I differed in that the transient component activated at more negative potentials. The non-linearity in the I-V relation for this component around -10 mV (Fig. 3B2) is escpecially remarkable. It seems to reflect the increase in P/Q-type current by AKH I which is most pronounced at voltages ranging from -20 mV to 0 mV (Wicher 2001b). The possibility that AKH I affects purely voltage-gated K + currents such as the delayed rectifier (I K DR) and the A-type current (I K A) could be ruled out since in the presence of 1 mM Cd 2+ which completely blocks the Ca 2+ currents (Wicher and Penzlin 1997) AKH I failed to affect K + currents (n = 5 cells, not shown). Taken together, these results are compatible with the assumption that the up-regulation of the K,Ca current is caused by the increase in P/Q-type current.
The increase in K,Ca current is expected to increase the fast afterhyperpolarization (fAHP) of the action potential as has been previously observed in DUM neurons in the presence of AKH I (Wicher et al. 1994) . Conversely, a reduction of K,Ca current was seen to prolong action potentials and to reduce the hyperpolarization (Derst et al. 2003) .
Activation of PKA does not affect I K,Ca
Some Slo channels are known to be modulated by phosphorylation via protein kinases such as PKA (Schubert and Nelson 2001) . AKH I in fact activates PKA, which is a necessary step in the up-regulation of the P/Q-type Ca 2+ current (Wicher 2001b (Wang et al. 1999) . On the other hand, the free catalytic subunit of PKA binds to dSlo and leads to down-regulation of channel activity (Zhou et al. 2002) . This modulation, however, does not involve phosphorylation of the only consensus PKA-substrate site in the C-terminal domain of dSlo.
Relationship between voltage-gated Na currents and K,Na currents in DUM neurons DUM neurons express Na + -dependend K + channels (Wicher et al. 1994, Grolleau and Lapied 1994) . Therefore, blocking the Na + current with tetrodotoxin (TTX) leads to disappearance of a transient outward current component (Fig. 5A) , and the total TTX-sensitive current is the sum of the Na + current and the Na + -dependend K + (K,Na) current (Fig. 5B) . Due to the lack of a specific blocker it is impossible to separate the K,Na current from the Na + current (Grolleau and Lapied 1994) . Although the TTX-sensitive outward current is contaminated with the Na + current we will refer to it as the K,Na current. It activates very rapidly, its peak following that of the Na + current within <1 ms (Fig. 5C ). Since K,Na channels are not voltage-gated the I-V relation of the K,Na peak current mirrors the the I-V relation of the Na + current (Fig. 5D ).
Peptidergic up-regulation of K,Na current AKH I accelerates the inactivation of the Na + current in DUM neurons thereby reducing both peak size and duration and thus also the net Na + influx (Wicher 2001a) . Since activation of the K,Na current requires a high intracellular Na + concentration (Dryer 1994) any reduction of Na + influx should entail a reduction of the K,Na current. An example of a current suppressed by AKH I (i.e. the difference of the current measured under control conditions and in presence of AKH I) is shown in Fig. 5E . The relation between the AKH I-sensitive Na + current and the AKH I-sensitive K,Na current ( Fig. 5F ) resembles that between the TTX-sensitive Na + current and K,Na current under control conditions (Fig. 5D ). Thus the reduction of K,Na peak current was proportinal to the reduction of Na + peak current, and the down-regulation of K,Na current by AKH I, therefore, is probably solely due to the reduction of the Na experimental analysis of the role of the peptidergic modulation of Na + current and K,Na current on action potential shape is impaired by the lack of tools to separate the currents: Li + permeates Na + channels but fails to activate K,Na channels in some preparations. By contrast, in DUM neurons Li + also activates the K,Na current, and it can thus not be used as tool to separate the Na + current from K,Na currents (Grolleau and Lapied 1994).
Modeling the effect of peptidergic counter-regulation of Ca 2+ -and Na + -dependent K + currents on the action potential shape
We performed a modeling study of the differential modulation of the K + currents with the aim of answering two main questions: Does modulation of these currents affect the pacemaker depolarization, and, does superposition of the modulatory effects explain quantitatively the observed increase in fast afterhyperpolarization (fAHP) of action potentials?
To simulate the endogeneous spiking of DUM neurons we included ten currents in a onecompartment model of a DUM neuron: One Na + current, four Ca 2+ currents (the background current, a low-voltage activated current, and two high-voltage activated currents, i.e. P/Qtype and nonP/Q-type current), and five K + currents (the delayed recifier, K,DR, the A-type current, K,A, the K,Na current and the K,Ca currents, K,Ca,t and K,Ca,s). The currents were described in terms of the Hodgkin-Huxley formalism (cf. Appendix, Fig. A1 and Tab. 1). Fig. 6 compares recorded spikes from a DUM neuron with the spike pattern generated by the model, using the parameters given in Tab. 1. The model reproduced the experimentally observed characteristics of the action potential such as threshold, overshoot and afterhyperpolarization as well as the resting firing frequency.
To get insight into the role of the K,Na current and the transient K,Ca current in the regulation of neuronal activity we investigated the effects of varying the size of these currents. The K,Na current was found to be essential for the stability of repetitive activity (Fig. 7A ). Both the K,Na and the K,Ca,t current affected the spike frequency ( Fig. 7A ) and the fAHP (Fig. 7C ), though with different efficiency. Upon reduction of the K,Na current there was a robust increase in spike frequency while an increase produced only a weak reduction (Fig. 7A ).
Changing the K,Ca,t current led to inversely proportional changes in spike frequency. When K,Ca,t was increased by >30% spiking stopped since the action potential threshold was no longer reached ( Fig. 7A ). On the other hand, spiking did not become irregular even when the K,Ca,t-conductance was reduced by 90%. Reduction of the K,Na conductance by > 40% caused irregular spiking. Reduction of K,Ca,t caused a slight attenuation of the fAHP.
Complete block of K,Ca,t was estimated to reduce the AHP by 4 mV which was somewhat less than found experimentally, i.e. after blocking K,Ca with iberiotoxin (9 mV, Wicher 2001b). The dependence of fAHP on I K,Na was similar to that on I K,Ca,t but considerably
We further investigated how the combined variation of the inward currents, the Na current and the P/Q-type Ca current, and the coupled K + currents, i.e. K,Na and K,Ca, affect spiking.
Increasing the Na + conductance unexpectedly produced a rise in frequency (by 100% on increasing G by 30%) and attenuated the AHP (by 4 mV on increase by 30%) while reducing the Na + conductance terminated spiking because the pacemaker activity became too weak (not shown). We then adjusted the Na + conductance solely by changing the inactivation parameters thus imitating the Na + current-modulation caused by AKH I (Fig. 7B, D ). Under these conditions the variation of Na + current produced changes more similar to those found for varying the K,Na conductance alone (compare Fig. 7B with 7A). Reduction of Na + conductance caused a steep increase in frequency and a decrease in hyperpolarization until spiking became irregular at > 40 % reduction (Fig. 7B, D) . A rise in Na + conductance did not affect both the spike frequency and the AHP (Fig. 7B, D) . Variation of the P/Q Ca 2+ current had no effect on spike frequency but on AHP (Fig. 7B, D) . With G reduced by > 50 % the AHP is only -50 mV, and it saturates at -62 mV when G is increased by > 50 %.
The main conclusions about the role of the K,Na current and the transient K,Ca current in the regulation of spiking are (1) there is a critical size of K,Na current which is required for stable spiking (Fig. 7A, B) , (2) the AHP is determined by up-and down-regulation of the K,Ca current by the P/Q-type Ca 2+ current and by down-regulation of the K,Na current by the Na + current.
Application of 10 nM AKH I produces faster spiking of DUM neurons and affects the action potential shape. The spike frequency increase ranges from 15 to 34 %, the mean is 25.2 ± 4.0 % (n = 7, Fig. 8A ). The hyperpolarization increases by 2 to 6 mV, on average by 4.0 ± 1.0 mV (n = 7, Fig. 8B) . The question, then, is whether our model reproduces these changes and whether this requires that in fact all observed AKH I-induced changes in ion currents are implemented, i.e. up-regulation of P/Q-type Ca 2+ current and K,Ca currents, down-regulation of Na + current and K,Na current as well as up-regulation of Ca 2+ background current. In terms of our model (cf. Tab. 1) this means the following changes: G (Ca P/Q) from 209 to 287 nS, h Slope up (Na) from +11 to +13 mV, h Slope dn (Na) from -22 to -18 mV, and G (Ca,back) from 0.023 to 0.07 nS. These changes produced indeed an accelerated spiking. In the example shown in Fig. 8C the increase in spike frequency amounts to 25 % which is in accordance with the mean AKH I effect. Furthermore, the hyperpolarization is increased by 3 mV (Fig. 8D) . The model also predicts a slight reduction in overshoot (by 3 mV, Fig. 8C) which was, however, not observed with DUM neurons (Fig. 8A) .
In order to assess whether the initial size of K,Na and K,Ca currents may affect the simulation of the AKH effect we varied their conductances by ±10 % and repeated the simulation. Variations of the K,Na current did not affect the spike frequency increase. When the initial G was increased by 10 % the only effect was a slight reduction of hyperpolarization-increase by 1 mV. A similar effect on hyperpolarization was seen when the initial K,Ca currents were reduced by 10 %. While this variation had no effect on the increase in spike frequency the variation of initial K,Ca currents by +10 % led to an AKH-induced acceleration by 34 % which matches the upper limit of the AKH I effect observed in DUM neurons. Thus the model sufficiently and stably reproduces the changes in neuronal activity by AKH I.
We finally simulated a situation where AKH I would only lead to up-regulation of the P/Q-type Ca 2+ current and both K,Ca currents (Fig. 9A ). This caused an increase in hyperpolarization (by 5 mV) which is in line with the measured AKH I effect (4 mV) while the spike frequency was hardly affected (reduction by 2 %). Down-regulation of Na + current and K,Na current accelerated spiking (by 7 %) and slightly reduced the hyperpolarization (by 2 mV; Fig. 9B ).
Another effect was a slight reduction of the overshoot (by 3 mV). When the modulations of P/Q-type Ca 2+ current and K,Ca currents were combined with those of Na + current and K,Na current the change of the hyperpolarization was in accord with that observed experimentally (increase by 3 mV; Fig. 9C ). The spike frequency, however, remained virtually unaffected (increase by 2 %). When in addition the up-regulation of Ca 2+ background current was implemented the result was an increase in spike frequency by 25 % with no further effects on the action potentials i.e. the observed AKH I-effects were now correcly reproduced as already mentioned above (Fig. 9D ).
In conclusion, the modulation of two voltage-gated currents (P/Q-type Ca 2+ current and Na Since AKH I produces changes in Ca 2+ -and Na + currents the K,Ca and the K,Na current must also change. For I K,Ca we experimentally ruled out the possibility of an additional direct modulation of the respective channels. For I K,Na this is also rather unlikely since our model calculations returned realistic results without implementing any direct modulation of this current. The observed slight discrepancy with respect to the amplitude of the action potential (i.e. reduction in overshoot by 3 mV) indicates that in the real neurons the effect of Na + current reduction on overshoot is compensated for by the reduction of K,Na current.
There might be a more sophisticated relationship between Na + and K,Na current than included in our model.
Modulation of the K, Ca current
Although three types of voltage-gated Ca 2+ channels are expressed in DUM neurons ( 
Modulation of the K, Na current
K,Na channels require a relatively high intracellular Na + concentration (~50 mM) to become activated. In some preparations prolonged discharges or long-lasting depolarizations are required to activate I K,Na (Dryer 1994). Co-localization of Na + and K,Na channels may, however, allow a sufficient rise in [Na + ] to activate the K,Na current already during a single action potential (Koh et al. 1994) . In hippocampal CA1 neurons, for example, the K,Na current is responsible for the fAHP following a single action potential (Liu and Stan Leung 2004).
In bursting neocortical neurons the K,Na current is the main cause of the postexcitatory hyperpolarization (Franceschetti et al. 2003) . In these cells the K,Ca current, too, makes an albeit small contribution to the hyperpolarization. In DUM neurons the fAHP is about equally dependent on K,Na and K,Ca current, the former activating slightly more rapidly than the latter (which accords to the somewhat different activation kinetics of the Na + and the Ca 2+ currents). The modulations of the P/Q-type Ca 2+ current and the Na + current by AKH I change the initial proportion of K,Ca to K,Na current in favour of the K,Ca current.
Why counterregulation of K, Ca current and K, Na current?
Would one considers acceleration of spiking as the main effect of AKH I on the DUM neurons then it remains enigmatic why a whole combination of currents (P/Q-type Ca 2+ current, Na + current, K,Ca and K,Na current) is modulated by the peptide since this does not produce a change in spike frequency. In this light it would be sufficient to up-regulate the Ca On the other hand it is necessary for an effective repolarization of action potentials thus supporting the terminal's capacity to produce full-size action potentials on repetitive firing (e.g. Sausbier et al. 2004 ). In the case of the DUM neurons it seems possible that the down-regulation of Na + current and K,Na current is necessary to limit the effect of Ca 2+ and K,Ca current modulation on hyperpolarization.
Conclusion
We have demonstrated a considerable complexity behind the "simple" increase in a neuron's firing rate induced by a hormone. Such complexity may be of functional relevance in the terminals of the neuron. Alternatively -or additionally -it could enable the neuron to respond differently to a (more or less) constant synaptic input. Such kind of mechanism was, for example, found for dopamine modulation in lobster stomatogastric neurons (Harris-Warrick et al. 1995) . It might also be involved in the adaptation of insect neurons to different behavioral situations as observed, for example, in locust thoracic DUM neurons -ranging from patterned activity to complete inhibitory silencing (Pflüger 1999).
are the voltage-independent background current I Ca,back , the low voltage-activated current I Ca LVA , and the two high voltage-activated currents I Ca P/Q (P/Q-type current) and I Ca nP/Q (nonP/Q-type current = total HVA current -P/Q-type current). The K + currents are the voltage activated delayed rectifier I K,DR and the A-type current I K,A , the voltage-independent Na + -activated current I K,Na , and the Ca 2+ -activated current composed of the transient I K,Ca,t and the sustained I K,Ca,s . In general, each current I(t) is modeled according to the following equation (G(t) is the conductance, V eq the equilibrium potential, V m (t) the membrane potential):
The exponents for m (m exp) and h (h exp) ranged from 0 to 4 and are specified for each of the current. m(t) and h(t) are described by the following 1 st order kinetics: This description results in a total of 18 parameters specifying each of the currents. These parameters given in Table 1 were determined by describing the various currents in terms of Hodgkin-Huxley models (Fig. A1) . The currents to be fitted according to the above equations were separated as outlined in Methods. For technical reasons, i.e. to get an adequate voltage clamp, the currents were measured using solutions with reduced concentration of permeating ions. For example, the Na + current was measured with a bath solution containing 60 mM Na + (instead of 190 mM in standard bath solution). In such cases the maximum conductance G max was corrected, the data given in Tab. 1 correspond to standard conditions (solutions as used for Current Clamp measurements).
The three ion-activated currents, i.e. I K,Na and both the transient and the sustained I K,Ca , deviated from the above description in the following aspects:
(1) To model I K,Na , the actual Na + -inward current carried by I Na was calculated and multiplied with an empirical determined scaling factor called sensitivity factor. This approximation appears to be justified at least for the K,Na peak current which was found to be proportional to the Na current (Fig. 5D) . Moreover, using this approximation we were able to simulate a K,Na current with amplitude and kinetic properties similar to the current obtained in the cells.
The Na + -inward current times the sensitivity factor was used in equations 5 and 6 instead of the membrane voltage to calculate m and h, respectively. Since the time-constants of the K,Na current are virtually voltage-independent (Fig. A1, E2 and E3) they were fixed, i.e. equations 7 and 8 did not apply. However, the current had a particular delay of about 2 ms with respect to the Na-inward current. The sensitivity factor and the delay were adjusted to reproduce time course and size of the modeled current according to the measured current at different voltages (for size cf. Fig. 5D ).
(2) To model I K,Ca,t and I K,Ca,s we had to make some simplifying assumptions. We first considered these currents purely voltage dependent. To separate the currents we modeled K,Ca,t with a m 2 h-kinetics and subtracted it from the total K,Ca current. Under these conditions we determined the voltage dependence of parameters as given in Tab. 1 and Fig.   A1 , F1-F3. These parameters, of course, reflect a "mean" Ca 2+ supply through voltage-gated Ca 2+ channels. To link the Ca 2+ to the K,Ca current we determined the effect of increase and decrease of the Ca 2+ current (using 10 mM and 2 mM Ca 2+ in the bath solution, respectively) on the K,Ca current. With this information we calculated a sensitivity factor linking the amplitudes of K,Ca,t and K,Ca,s to the Ca 2+ current amplitude (Tab. 1). For modeling the K,Ca currents we made a further simplifying assumption in that we calculated these currents from the actual Ca 2+ current. According to the results shown in Fig. 2 we coupled the K,Ca currents to the P/Q-type Ca 2+ current. Although this neglects the fact that also the L-type Ca 2+ current provides Ca 2+ for the activation of the K,Ca,s component (Fig. 2B, D) it is more important for the purpose of this study to investigate the effect of P/Q-type current modulation on K,Ca currents and spiking. To reproduce the kinetics and voltage dependence of the K,Ca currents measured in neurons by the modeled currents we had to introduce a delay (~ 1.5 ms) between Ca 2+ current and K,Ca currents.
The background Ca 2+ current, I Ca,back , was modeled with a constant, voltage-and ion independent conductance (cf. Wicher et al. 2004 ).
The total number of parameters including leak conductance, leak potential and membrane capacitance amounted to 156. The simulation could be run in either the current or voltage clamp mode at a variable time-resolution ranging from 1 to 50 microseconds. With a maximum number of 20 000 time steps, this corresponded to a total simulation time ranging from 20 milliseconds to 1 sec. All parameters could be saved in a parameter file in ASCII format which allowed for easy editing.
In voltage-clamp, the total current, i.e. the sum of all voltage-and ion-activated currents, was calculated as leak-subtracted and without capacitive current,
In current clamp, the actual membrane voltage V m at time t was updated from its previous value at time t-1 according to
This equation can be derived from fact that the sum of all currents (active, leak, injected and capacitive) equal zero:
The simulation software was written in IDL programming language (RSI Research Systems, Boulder, CO) with a menu driven GUI. The compiled code including the parameter list is available on request from the authors and can be run under the 'IDL virtual machine' environment which can be downloaded at no cost from the RSI Website (http://www.rsinc.com/idlvm/). Currents were separated as described in (A1). n = 4. current and for K,Na peak current in DUM neurons. K,Na and Na + currents were separated by means of TTX as demonstrated in (A, B) (n = 7). The size of Na + (and K,Na) currents is thus underestimated, yet this procedure was adequate for comparing the data with the currents suppressed by AKH I. (E) K,Na plus Na + current suppressed by 10 nM AKH I (difference current: Control -2 min AKH I). (F) I-V relationships for K,Na peak current and for Na + peak current suppressed by 10 nM AKH I (Control -2 min AKH I, n = 7). Fig. A1 . The steady-state data for I Na were taken from (Wicher 2001a) and for I Ca LVA from (Grolleau and Lapied 1996) , the kinetic data for I Ca LVA were estimated from the current traces shown in the latter paper. For the data describing I K,DR, I K,A and I K,Na see also (Grolleau and Lapied 1994, 1995 
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